The effect of tempering on hydrogen trapping in 0.42C-0.30Ti steel was studied by means of a hardness test, hydrogen thermal desorption spectrometry and high resolution transmission electron microscopy. In addition to the coarse undissolved TiC particles, fine TiC particles with a volume fraction up to 0.22 % precipitated during tempering at temperatures above 500°C. Coherent TiC square platelets with a diagonal length of about 2 nm and a thickness of less than 1 nm precipitated at 550 and 600°C, acting as reversible hydrogen traps. Tempering at 700°C caused the fine TiC particles to lose their coherency with the matrix, resulting in a very limited increase in reversibly trapped hydrogen content compared to the samples tempered below 500°C without TiC precipitation. On the other hand, the coarse undissolved TiC particles with an average diameter of 2 mm, acting as irreversible traps, greatly enhanced the irreversibly trapped hydrogen content when tempered at 500°C and were accompanied by a decrease in hydrogen desorption rate peak temperature. Comparison of both types of TiC particles with the same volume fraction indicated that the fine coherent TiC platelets were more effective in trapping hydrogen than the coarse incoherent undissolved TiC particles.
Introduction
Hydrogen atoms in steels are usually trapped by microstructural imperfections such as substitutional solute atoms, vacancies, grain boundaries, dislocations, and inclusion/matrix interfaces. 1, 2) Conventionally, hydrogen traps are classified into reversible trap and irreversible trap depending on their interaction with hydrogen. Reversible trap is characterized by low interaction energy with hydrogen, such as substitutional solute atoms, vacancies, grain boundaries, and dislocations. Hydrogen trapped by reversible traps can leave the traps at room temperature or at a temperature slightly higher than room temperature if it is held for a substantial period of time. Irreversible trap is known as a trap with high interaction energy with hydrogen. Incoherent TiC and other metalloid inclusions are known to be irreversible traps for hydrogen. Hydrogen trapped by irreversible traps cannot leave the traps unless it is heated to a temperature that is much higher than room temperature.
TiC interacts strongly with hydrogen; therefore, its effect on hydrogen trapping and diffusivity has been studied as a model trap by many workers [3] [4] [5] [6] [7] [8] [9] by thermal desorption spectrometry (TDS) 10) and the hydrogen permeation test.
11)
Pressouyre 2) found that the interaction energy between TiC and hydrogen is 95 kJ/mol. Lee and Lee 7) obtained a similar value of 87 kJ/mol for the activation energy of hydrogen release and a binding energy of 28 kJ/mol. With respect to the effect of the character of TiC particles on the hydrogen trapping behavior, Pressouyre 2) indicated that TiC becomes more reversible when it is more coherent with the matrix. Lee and Lee 8) obtained TiC particles of various sizes by quenching at different austenitizing temperatures and showed that fine TiC semi-coherent particles with a diameter of 2 to 4 nm displayed an additional hydrogen desorption rate peak at 475°C in addition to the peak at 607°C which resulted from incoherent particles. Furthermore, they suggested that the interaction energy between titanium carbide and hydrogen increases with particle size, resulting in a higher desorption rate peak temperature. Valentini et al. 9) found that in steels containing various amounts of TiC, the largest number of irreversible traps was associated with steels having the largest volume fraction of fine and coherent Ti(C, N) precipitates with a mean particle size ranging from 12.5 to 30 nm. However, they indicated that the Ti(C, N) has a tetragonal crystal structure.
Many attempts have been made to verify the correlation of the hydrogen trapping effect of TiC as well as other transition metal carbides to the resistance to hydrogen embrittlement. Pressouyre and Bernstein 4) pointed out that a high density of fine TiC particles with an interaction energy with hydrogen of higher than 60 kJ/mol can delay the hydrogeninduced cracking while a low density of heterogeneously distributed coarse TiC particles may accelerate the hydrogen-induced cracking. Yamasaki et al. 12) found that the ben-eficial effect of vanadium addition in high strength steel on resistance to hydrogen embrittlement is related to the formation of a fine dispersion of vanadium carbides due to their trapping effect and the enhancement of the critical hydrogen limit for hydrogen-assisted delayed fracture. Very fine vanadium carbide precipitates were recently confirmed by Tsuchida et al. 13) by high resolution transmission electron microscopy (HRTEM) in a quenched and tempered vanadium bearing steel. In general, controlling the size, quantity and morphology of TiC and other transition metal carbide particles is conducive to the resistance to hydrogen embrittlement.
However, the basic correlation between the size and the distribution of TiC particles and hydrogen trapping is not established well in spite of some discrete data as mentioned above. For a better understanding of the hydrogen trapping mechanism of TiC particles, the present study aims to clarify the effects of reversible and irreversible TiC traps by using a steel that contains coarse undissolved TiC particles representative of irreversible traps and fine TiC particles with various levels of sizes and coherencies obtained by quenching and tempering at different temperatures. An emphasis has been put on the correlation between the microstructure and the trapping effect of the samples tempered around the temperatures where secondary hardening occurs. Table 1 shows the composition of the steel that was selected for the study. There was an excess of carbon content for forming a stoichiometric TiC compound. The calculation result by the Thermo-Calc method showed that TiC dissolves gradually in austenite from about 1 000°C, and a considerable part of TiC (0.22 vol%) in the steel (0.60 vol% TiC in total) would dissolve in austenite at 1 350°C as shown in Table 2 . That means 0.38 vol% TiC would remain undissolved in austenite at 1 350°C. Free Ti and C in solution would act as alloying elements exerting an effect on the subsequent martensitic transformation after austenitizing. Among the free carbon, 0.03 mass% of it would combine all the free titanium to form 0.22 vol% TiC during tempering at sufficiently high temperatures. The remaining 0.34 mass% (may increase to 0.37 mass% before TiC precipitation) would contribute to cementite precipitation in the tempered specimens.
Experimental Procedure
The steel for the present study was supplied in the as-received form as a hot-rolled plate with a thickness of 30 mm. Bars with a diameter of 10 mm and a length of 100 mm that were fabricated for TDS analysis, hardness test and microstructure observation were cut from the hotrolled plate with their longitudinal axes parallel to the rolling direction. The bars were then subjected to 1 350°C for 15 min in a flowing argon atmosphere, quenched in icebrine bath, tempered at temperatures from 300 to 700°C for 3 h, and water quenched. TDS samples with a diameter of 5 mm and a length of 40 mm were machined from the heat treated bars. Specimens for optical metallography, electron microscopy and hardness measurement were cut from the bars with the observation surface consistent with the transverse cross-section, i.e. perpendicular to the rolling direction.
The hardness was evaluated by the Vickers hardness tester with a load of 5 kg for a loading time of 15 s. Samples for TDS analysis were cathodically charged with hydrogen in an aqueous solution of 3 mass% NaCl and 3 g/l NH 4 SCH at a current density of 0.1 mA/cm 2 for 1 h. After charging, the sample was quickly moved to be electroplated with a layer of cadmium on its surface to prevent the charged hydrogen from leaving the sample. The electroplated sample was held for 48 h in air at room temperature for hydrogen homogenization. The plating layer was removed by the electrolytic method just before the TDS analysis. The TDS analysis was conducted on the quadrupole mass spectrometer up to 810°C at a constant heating rate of 100°C/h. The background TDS curves were also recorded by a blank run without sample in the same operating condition as with the samples. The TDS curves given in this study are the ones after the subtraction of the background component.
Optical metallographic observation was done with an emphasis on undissolved TiC particles using samples without chemical etching. Standard quantitative metallography 14) was employed to measure the volume fraction of undissolved particles. Foils for transmission electron microscopy (TEM) were prepared by a combination of twinjet electropolishing in perchloric methanol solution and ion milling cleaning. TEM observation was conducted on a JEOL JEM2010F (200 kV) equipped with energy dispersive X-ray spectrometer (EDX). Quantitative EDX analysis of the undissolved TiC particles was done on the CliffLorimer ratio thin section assumption without the standard samples. High resolution transmission electron microscopy was employed to reveal the fine TiC particles on the order of several nanometers. Figure 1 shows the variation of hardness as a function of tempering temperature. Hardness decreases continuously until the onset of secondary hardening which appears at 500°C and shows a peak at 550°C. Tempering at higher temperatures causes the hardness to decrease again.
Results

Hardness
Hydrogen Thermal Desorption Spectrometry
Desorption rates of hydrogen from samples with various tempering conditions are plotted in Fig. 2 against temperatures in the range from room temperature to 810°C. In general, each desorption rate curve is separated into two distinct regions. The two regions contain two peaks located at 100-200°C and 600-750°C, respectively, if the very low peaks around 300-400°C are neglected in some cases. The two peaks at low and high temperatures supposedly arise from the release of hydrogen from reversible and irreversible traps, respectively and will be discussed later in more detail. Grain boundaries, dislocations, cementitemartensite interfaces and fine TiC precipitates are responsible for the reversible traps and the undissolved TiC particles for the irreversible traps. Note that the hydrogen desorption rate changes abruptly at 733°C, the temperature corresponding to the Ac1 transformation point of the steel. A slight decrease in the desorption rate was found in the higher temperature side by extrapolating the curve into the higher temperature side of the transformation point. This shows that a change in the matrix from martensite or ferrite to austenite may cause a reduction in the desorption rate to some extent, but not significantly. The hydrogen absorbed by reversible and irreversible traps for each sample was measured by integrating the area below the low temperature and high temperature peaks on each desorption rate curve, respectively. The hydrogen content associated with reversible traps is shown in Fig. 3 (a) and that associated with irreversible traps in Fig. 3 (b) as a function of tempering temperature. The reversible hydrogen content hardly changes until 500°C at which secondary hardening starts to appear. It increases to a peak value at 550°C, and becomes about three times as large as that below 500°C. Tempering at temperatures higher than 550°C results in a rapid decrease of the reversibly trapped hydrogen content. Fig. 3(b) shows that a similar trend can be seen for the irreversible hydrogen content. However, note that in contrast to reversible hydrogen, the irreversible hydrogen content reaches the highest value at 500°C, indicating that the microstructural change associated with the irreversible traps precedes that associated with the reversible traps. One more difference between the two types of traps in the absorbed hydrogen content is that the irreversible hydrogen content remains high at 700°C, whereas the low level of the low temperature tempering is already restored in the reversible hydrogen content.
The peak temperatures for the hydrogen desorption rate for reversible and irreversible traps are also measured from the desorption rate curves and plotted in Figs. 4(a) and 4(b), respectively. Although the data for the reversible traps in Fig.4(a) are considerably scattered, in particular at room temperature and 600°C, the increase in the peak temperature with increasing tempering temperature from 500°C can still be seen, and there exists a maximum value around 550°C followed by a rapid decrease to a normal level comparable to that for low temperature tempering. The large scattering of data for the reversible hydrogen desorption rate peak temperature is supposedly due to the surface quality of the specimens because the location of the peak tem- perature for a weak trap is sensitive to the sample surface condition. Some kind of surface impedance for hydrogen release formed after removing the electroplated cadmium layer may be one of the reasons but the real reason is not known yet at the present time. In contrast to reversible traps, the desorption peak temperature for the irreversible traps undoubtedly shows an abrupt decrease from 733 to 602°C when the tempering temperature is increased from 400 to 500°C. Tempering at higher temperatures tends to increase the peak temperature but does not exceed 700°C.
Microstructures 3.3.1. Undissolved TiC Particles
Optical and electron microscopic observations were performed on the undissolved TiC particles in the as-quenched and tempered specimens. Figure 5 shows the typical morphology and the distribution of the undissolved TiC particles for the as-quenched specimen. Most of the particles become slightly elongated spherical shapes with their size ranging from 0.5 to 8 mm in the elongated direction with an average diameter of about 2 mm. An inhomogeneous distribution of the undissolved particles with a faint directionality parallel to the rolling plane is identified when viewed along the rolling direction as shown in Fig. 5 . Quantitative metallographic analysis was done at a lower magnification to obtain a more uniform distribution as a whole for accurate measurement. The analysis yielded a volume percentage of the undissolved particles to be 0.38 vol%, surprisingly consistent with the calculated value given in Table 2 . The observation on the specimens tempered up to 700°C was also done, and the results followed the conclusion that undissolved TiC particles do not change their size and distribution by tempering on the optical microstructural scale.
Transmission electron microscopy revealed that the undissolved particles are randomly distributed in the martensitic microstructure as shown in Fig. 6(a) . Electron diffraction and EDX analysis confirmed that the undissolved particles are composed of only TiC with a face-centered cubic crystal structure and a composition close to stoichiometry but with no more than 4 mass% Fe as shown in Chemical analyses by means of EDX on the undissolved TiC particles in the specimens that have undergone tempering in different temperatures indicated that the average chemical composition of the undissolved TiC particle does not change with tempering temperature within the error limit of the analysis method.
Change in Martensitic Microstructures during
Tempering The martensitic microstructure can be taken as the product of the martensitic transformation of a steel containing 0.37 % C and 0.11 % Ti as indicated in Table 2 since the undissolved TiC particles do not seem to affect the martensitic transformation during quenching at 1 350°C. Figure 7 gives the microstructures of the as-quenched specimen and those tempered at 500°C, 600°C and 700°C. Martensite laths dominate the as-quenched microstructure (Fig. 7(a) ), and few microtwins within some laths were found. Fig. 7(b) shows that a high density of cementite on lath boundaries and within laths were found in the specimen tempered at 500°C. Meanwhile, some of the low-angle lath boundaries seemed to disappear, leaving a blurred contrast of the martensitic structure. The coarsening of cementite particles and the reduction in dislocation density becomes more obvious by tempering at higher temperatures of 600°C and 700°C than at 500°C.
High Resolution Electron Microscopic Observation
of Fine TiC Precipitates HRTEM was utilized for the observation since the conventional TEM could not detect the subtle change of mi- [110] zone axis electron diffraction pattern taken from a particle, and (c) EDX spectrum of the particle. crostructure, in particular the fine TiC precipitates due to tempering. By aligning the incident beam along the ͗100͘ direction of martensite, the presence of very fine precipitated TiC particles was confirmed when tempered above 500°C. The results are shown in Fig. 8 . No TiC precipitates were found in the as-quenched specimen ( Fig. 8(a) ). Similarly, the microstructure of the specimen tempered at 500°C (Fig. 8(b) ) was essentially free of TiC precipitates although a few TiC particles were occasionally found. On the other hand, tempering at 600°C showed a population of fine TiC platelets with a projected length of about 2 nm and a thickness of less than 1 nm, as shown in Fig. 8(c) . They are coherent with the matrix. Figure 8(d) shows that the relatively large TiC particle with a diameter of about 5 nm presented rotated contrast fringes in the specimen tempered at 700°C. This provides a strong evidence of growth and thickening of the TiC particles due to the decrease in the coherency of TiC particles with the matrix. It is interesting that these fine TiC platelet particles prefer thickening to broadening when the projected length of the particle is only 4 or 5 nm. Here, the assertion of TiC is supported by its orientation relationship with the tempered martensite matrix which obeys the Baker-Nutting orientation relationship, 15) with a habit plane of (001) TiC or (001) a , and also from an analogy to the EDX analysis on vanadium carbide particle made by Tsuchida et al. 13) They verified that the VC particle, with a projected length of about 10 nm and a thickness of less than 1 nm, resembling the TiC platelet in the present study, was enriched by V in the tempered vanadium-bearing steel.
Discussion
Effect of Tempering on the Nature and Hydrogen
Trapping Behavior of Fine and Coarse TiC Traps The tempering of martensitic steels involves the segregation of carbon, the precipitation of carbides, the decomposition of retained austenite, and the recovery and recrystallization of the martensitic structure.
16) The precipitation of alloy carbides related to the secondary hardening appears in alloy steels, like the present case. Some microstructural changes may be considered as a possible contribution to hydrogen trapping. In addition to the precipitation of fine TiC particles above 500°C, the precipitation of cementite and the change in dislocation density were also observed. The latter two may be a competing factor for reversible hydrogen trapping. However, the reversible hydrogen content did not change below 500°C as shown in Fig. 3(a) even though a large amount of cementite precipitated among the martensite matrix. This result rules out cementite as an important trapping site in the present steel and is consistent with the experiment by Tsuchida et al. 13) They showed that in the 0.4 mass% C tempered martensitic steel the cementite precipitation did not increase, but decreased the absorbed hydrogen content compared to that of the as-quenched sample. Since the decrease in dislocation density due to recovery should lead to a reduction of trapped hydrogen content, it is also excluded as a reason for the abnormal increase in reversibly trapped hydrogen content around 550°C. Thus, we conclude that dislocations, cementite, together with lath boundaries and prior austenite boundaries contribute to the base line of the reversibly trapped hydrogen content profile in Fig. 3(a) , and the fine TiC particle that precipitated above 500°C account for the part of hydrogen above the base line. Therefore, the net contribution of the fine TiC particles to trapped hydrogen reaches its maximum of 0.42 mass ppm at around 550°C. Neither the coherent TiC around 550°C nor the non-coherent TiC at 700°C produces an additional desorption rate peak beside the large peak associated with the irreversible hydrogen desorption as mentioned by Lee and Lee. 8) From the result available in the present study, it is known that the non-coherent TiC precipitated at 700°C is different from the undissolved TiC because the former did not show any contribution to the irreversibly trapped hydrogen. 0.22 vol% TiC precipitated at 700°C as indicated in Table 2 should increase the irreversibly trapped hydrogen by a considerable amount but this effect was not observable (Fig. 3(b) ). This result suggested very strong particles size dependence of hydrogen trapping of TiC particles.
In the irreversible trapping sites of undissolved TiC particles, the hydrogen trapped changed with tempering temperature as shown in Fig. 3(b) even though the volume fraction and the distribution of TiC particles did not change. Much attention has been given to the possible changes at 500°C. At 500°C, the irreversible hydrogen content reached its maximum value when the reversible hydrogen content still maintained a value similar to those below 500°C. This result implies that the occurrence of the microstructural change associated with the increase in irreversible hydrogen preceded the precipitation of the fine TiC platelets. The specific microstructural change is not identified now. However, some microstructural and chemical changes are considerable.
(1) The chemical composition of TiC is different at 1 350°C and 500°C. Thermo-Calc calculation indicated only a minimal change in the composition of TiC from Ti 0.521 Fe 0.0031 C 0.476 at 1 350°C to Ti 0.501 Fe 0.000061 C 0.499 (in mole fraction) at 500°C. The small chemical change seems not to show a significant effect on the hydrogen increment.
(2) The composition of the matrix surrounding the TiC particle changes because ferrite has an extremely low solubility of carbon. But in spite of the same microstructural change below 500°C no irreversibly trapped hydrogen increases below 500°C when compared to the as quenched sample in which chemical composition is frozen at the state of 1 350°C. Thus, the change in the chemical composition of the matrix cannot explain the abnormal increase in irreversibly trapped hydrogen.
(3) Local change in the chemical composition occurs at the boundary between the TiC particle and the matrix at 500°C. The coincidence of abnormal increase in the irreversibly trapped hydrogen with the initial stage of TiC precipitation at 500°C where only short-range diffusion is possible for titanium atoms strongly indicates that the microstructural or chemical change at this temperature, probably not at equilibrium state, is closely related to the enhanced hydrogen absorption. There is a possibility that the chemical change result in a local enrichment of titanium at the boundary between the undissolved TiC particle and the matrix because the chemical composition of TiC is changeable between TiC 0.5 and TiC. 17) It was known that substitutional titanium atoms in iron solution have a much lower interaction energy with hydrogen of 26.1 kJ/mol 2, 3) than that of TiC. A lower interaction energy implies a lower peak temperature of hydrogen desorption rate. 18) Further investigation of the chemical change at TiC particles is necessary.
The decrease in irreversible hydrogen content after the peak at 500°C with increasing tempering temperature (Fig.  3(b) ) accompanied by the increase in desorption rate peak temperature (Fig. 4(b) ) is similar to the results reported by Lee and Lee. 8) They found that prolonged annealing of a 0.04C-0.5Ti steel containing incoherent TiC particles with a mean size of 150 nm at 815°C and 900°C shifts the hydrogen desorption rate peak to higher temperatures and reduces the height of the peak. This is considered to be the consequence of approaching a more stable surface chemical configuration.
Comparison of Hydrogen Trapping Efficiency of
Fine and Coarse TiC Particles The identification of the specific position where the hydrogen trapping event occurs has been a great issue for a long time. For a particle trapping site, the trapping position may be within the particle itself, at the particle-matrix interface and in the matrix surrounding the particle. For incoherent TiC particles, the trapping position was reported to be at the matrix-particle interfaces, as observed by autoradiography. 19) On the other hand, for coherent particles, the highly tensile stress field in the matrix surrounding the particle may be significant in hydrogen trapping depending on the level of coherency.
2) Obviously, the hydrogen trapping capacity for both cases is closely related to the surface area or to the volume of particles. Figure 9 illustrates the bimodal distributions of TiC particles in the present study with information about the measured hydrogen contents and the total surface area of both types of particles calculated from the specific volume fraction and particle size. Both particles were assumed to be spherical with a constant radius being equal to the mean radius measured. The total surface area per unit volume can be obtained as 3f/r for a given volume fraction ( f ) of spherical particles with a radius (r). The hydrogen trapped is neither proportional to the volume fraction nor proportional to the total surface area, but has a closer relation with the volume fraction. This is a confusing result conflicting with the argument based on the surface-related trapping. Absence of clear relationship between surface area and hydrogen content is due to the different strengths of interaction between hydrogen and the trapping site for the fine and the coarse TiC particles. Conversely, it implies that the fine coherent TiC platelets are rather weak trapping sites compared to the coarse undissolved TiC particles if the trapped hydrogen per unit surface area is taken into account, being only 0.13 % of the latter. However, the fine TiC particles provide better hydrogen trapping efficiency in terms of trapped hydrogen per unit volume.
Effect of Particle Size on the Hydrogen Trapping
Capability of the Fine TiC Traps The fine coherent TiC platelets resulting from tempering at 550 to 600°C provide the highest content of reversible hydrogen. In contrast, the TiC particles found in the sample tempered at 700°C have negligible effect on hydrogen trapping. It raises the question of why and when the TiC particle loses its coherency with the martensite matrix. A coherent TiC platelet has its broad plane parallel to the {100} plane of ferrite and maintains a Baker-Nutting orientation relationship with the ferrite matrix as illustrated in Fig.  10(a) . According to the lattice parameters of stoichiometric TiC (aϭ0.4329 nm) 20) and ferrite (aϭ0.2866 nm), 21) TiC is a little larger than ferrite by a misfit of 6.8 % along the radial directions lying on the broad plane of the platelet and considerably larger than ferrite by 51.0 % along the normal to the broad plane of the platelet. If the center of the platelet is chosen for reference, the displacement of the matrix relative to the normal lattice (x) increases with distance from the center. When the accumulation of the displacement reaches the magnitude of the Burgers vector of dislocation, coherency will be broken down by introducing a loop dislocation at the corner of the platelet as shown in Fig. 10(b) . The critical size of the platelet, which is expressed by the diagonal length ( L), is calculated to be 2b/d, where d is the misfit. Assuming that the loop dislocation has a Burgers vector bϭ[100] a , where the subscript a refers to ferrite, the result is a critical value of 8.4 nm, beyond which coherency will be lost. This critical value is about twice as large as that observed in the 700°C tempered sample containing the non-coherent particles with a diameter of 4 to 5 nm as shown in Fig. 8(d) . The difference between the purely geometrical consideration and the observed size may result from the neglect of relaxation by some inconclusive mechanisms like lattice rotation in the present study prior to the formation of misfit dislocations. According to this result, several nanometers may be too large to provide sufficient trapping ability of hydrogen for the fine TiC particles.
Conclusions
Hydrogen trapping behavior as a function of tempering temperature was investigated for a 0.42C-0.30Ti steel quenched from 1 350°C containing bimodal dispersions of coarse undissolved TiC particle and fine precipitated TiC particles. The major results are summarized as follows:
(1) The overall amount of reversible hydrogen trapped by dislocations, lath boundaries prior austenite, and cementite did not change with increasing tempering temperature until 500°C at which the precipitation of the coherent TiC platelets with a typical length of 2 nm and a thickness of less than 1 nm started. The hydrogen content reached its maximum value at 550°C. Tempering at 700°C showed negligible effect on hydrogen trapping due to the loss of coherency between the TiC particle and the ferrite matrix. The cementite showed very weak hydrogen trapping ability.
(2) Tempering at 500°C greatly enhanced the irreversibly trapped hydrogen. The increase in irreversibly trapped hydrogen content was accompanied by a decrease in the hydrogen desorption rate peak temperature. The extent of the increment of the irreversibly trapped hydrogen content and the decrement of the hydrogen desorption rate peak temperature decreased above 500°C compared to that at 500°C. The microstructural or chemical change that was responsible for the variation in irreversibly trapped hydrogen with tempering temperature could not be specified.
(3) The fine coherent TiC particles are more effective in trapping hydrogen than the coarse undissolved particles with the same volume fraction. However, the hydrogen trapping capability per unit surface area of the coherent TiC particles is smaller than that of the coarse undissolved TiC particles by an order of 4.
